A new center-fed circular patch antenna with two coupled annular rings is presented. When the two annular rings are coupled properly, a wide band from 5.45 GHz to 7.16 GHz is achieved with a monopole-like radiation pattern. Measured results show that the antenna with a low profile of 0.027 wavelengths (at 5.45 GHz) has a bandwidth of 27.1% and a measured maximum gain of 6 dBi. The radiation pattern is omnidirectional and remains relatively stable within the operating band.
Introduction
Monopole antennas are widely used since they have an omnidirectional pattern and a vertical polarization in the horizontal plane [1] . However, the profile of a conventional monopole antenna that has a quarter wavelengths is too high for some devices or applications that desire a low-profile radiator.
Circular patch antennas (CPAs) are popular due to their advantages of low profile, low cost, and easy fabrication [2] . To realize a monopole-like radiation pattern for a CPA, various approaches have been proposed. In [3] , a monopolelike radiation pattern is achieved using a CPA with a very low profile of 0.0153 wavelengths. However, the impedance bandwidth of the antenna is only 1.5%. In order to improve the bandwidth, various techniques have been brought forward by researchers. In [4] , the coaxial probe for the path antenna is located away from the center to improve the matching and it radiates in the broadside direction. The maximum bandwidth obtained was 3.7% with a center frequency of 5 GHz with a relative substrate dielectric constant of 10.4 and a thickness of 1.905 mm. By shorting a patch antenna with two wires, a patch antenna in [5] with a monopole-like radiation pattern has its size greatly minimized, but its bandwidth is only 3% for a profile of 0.06 wavelengths. The narrow bandwidths of the antennas [3] [4] [5] limit the applications in modern wireless communication systems. In recent years, to improve the bandwidth, more effective methods have been put forward. A circular patch-ring antenna [6] fabricated on PCB can generate two resonating frequencies of the same mode and provides a wide bandwidth of 12.8% with a low profile of 0.03 wavelengths. Since the patch and ring are coupled properly, its bandwidth is greatly improved. The antenna that utilizes two modes (TM 01 and TM 02 modes) in [7] is based on a circular patch antenna that is shorted concentrically with a set of conductive vias. The proposed antenna has a simple structure with a low profile of 0.024 wavelengths and yields a wide impedance bandwidth of 18%. However, via holes must be used for the shorting points, which are not convenient for fabrication.
In this paper, we propose a center-fed circular microstrip patch antenna loaded with two annular rings to achieve a monopole-like radiation pattern and a wide bandwidth by generating three resonating frequencies. With a very low profile of 1.5 mm (0.027 wavelengths at 5.45 GHz), the antenna has an input impedance bandwidth of 27.1% (from 5.45 GHz to 7.16 GHz), a measured maximum gain of 6 dBi, and an omnidirectional radiation pattern in the horizontal plane. The antenna has a simple structure and can be easily fabricated on a thin single-layer substrate. The proposed antenna is analyzed with a cavity model to find out the resonant mechanism. Parametric study is carried out using simulation software ANSYS HFSS [8] .
Antenna Design
The geometry of the circular patch antenna loaded with two annular rings is shown in Figure 1 . The antenna is fabricated on a substrate with a relative permittivity of = 2.55 and a thickness of h = 1.5 mm. The antenna is centrally fed by a coaxial connector from the back of the substrate.
On the top of the substrate, a circular patch with a radius of is placed at the center. Besides the circular patch, two rings with widths of 1 and 2 are concentrically loaded. The width of the slot between the circular patch and the inner ring is 1 and the width of the slot between the inner ring and outer ring is 2 . The ground plane radius is 60 mm. The design procedure of the antenna is similar to that of a conventional patch antenna with two or three parasitic patches. Firstly, the circular patch is designed for the center frequency of 5.8 GHz (without the annular rings coupled). Using the cavity model [9] , the radius of the circular patch can be calculated and set as 18 mm. Secondly, the size of inner ring can be roughly predicted for a resonant frequency slightly higher than 5.8 GHz, from the equation for annular ring microstrip antenna [10] . Thirdly, the radius width 2 of the outer ring can be calculated in the same way with a resonant frequency close to that of the inner ring. So, the values of 1 and 2 are set as 12 mm and 11 mm, approximately. Finally, the widths of slots ( 1 and 2 ) and the widths of the rings ( 1 and 2 ) are optimized to obtain a wide bandwidth, using HFSS simulation. The values of the optimized parameters are given in Table 1 .
The proposed antenna achieves a wider bandwidth compared to conventional circular microstrip patch or circular microstrip patch with a single ring. The impedance bandwidth and physical parameters of the three antennas are presented in Table 1 . As shown in solid line in Figure 2 , the simulated reflection coefficient for the proposed antenna is less than −10 dB in the band from 5.45 GHz to 7.16 GHz, with a fractional bandwidth of 27.1%. The −10 dB returnloss band of the single-ring circular patch antenna is from 5.76 to 6.59 GHz, with a fractional bandwidth of 13%. The antenna with a single-ring coupled and the proposed antenna produce a similar monopole-like radiation pattern with a gain of about 5.7 dBi and 6 dBi, respectively. The bandwidth of the presented antenna is over 51% wider than that of the circular patch antenna with a single annular ring coupled. The bandwidth could be further improved with more coupled rings but with a higher complexity in the design. And we will study in the further study.
Parametric Study
From the previous section, it is noticed that several parameters have influences on the resonant frequencies and the matching of the antenna. In this section, we will demonstrate the effect of each of these parameters. As shown in Figures 3(a) , 3(d), and 3(e), 1 increases with the decrease of , 2 increases with the decrease of 1 , and 3 increases with the decrease of 2 . Then, it is observed that these simulation results above agree with the cavity theory.
In Figures 3(b) and 3(c) , the gap between the centre patch and the first annular ring must be very small to have a wide bandwidth, because the coupling must be strong enough to make the coupled rings work [11] . In the design of the antenna, the gap between the first and the second annular rings also needs to be tuned to control the coupling strength between them.
Experiment Result
With the help of simulation, the dimensions of the proposed antenna are optimized to be = 18 mm, 1 = 12.25 mm, 2 = 11.25 mm, 1 = 0.3 mm, and 2 = 1 mm. A prototype is fabricated and measured. Good agreement between the measured and simulated results is observed in Figure 4 . With the definition of −10 dB reflection coefficients, the measured input impedance bandwidth is 1.61 GHz (from 5.45 to 7.16 GHz), which is about 27.1% input impedance bandwidth.
The radiation patterns for the proposed antenna are simulated and measured at the three resonant frequencies within the bandwidth. The measured radiation patterns agree well with the HFSS simulations, and a monopole-like pattern is obtained. Figures 5(a) , 5(c), and 5(e) show the simulated and measured E-plane radiation patterns at 5.64, 6.4, and 7.04 GHz, respectively. The cross polarization is about 20 dB below the copolarization level. The H-plane patterns are shown in Figures 5(b) , 5(d), and 5(f). The pattern is omnidirectional and the cross polarization level is more than 15 dB below that of the copolarization level. The maximum gain and the gain in omnidirection for the proposed antenna are shown in Figures 6(a) and 6(b) , respectively. Measured result shows that the proposed antenna obtains a maximum gain of about 6 dBi, which agrees well with the HFSS simulations.
Conclusion
A new center-fed circular patch antenna with dual-ring couplers is presented. Triple-resonance behavior is observed in the antenna, which contributes a wide bandwidth for the antenna with a very low profile of only 0.027 wavelengths (at 5.45 GHz). Measured result shows that the antenna has a bandwidth of 27.1% and produces a monopole-like radiation pattern with a gain of about 6 dBi. The bandwidth of the proposed antenna is over 51% wider than the bandwidth of the antenna with single-ring coupled. This antenna has a good potential for wireless communications. 
